A conceptual foundation for the study of local non-equilibrium solute diffusion under rapid solidification conditions is proposed. The model takes into account the relaxation to local equilibrium of the solute flux and incorporates two diffusion speeds, VDb, the bulk liquid diffusion speed, and VD~, the interface diffusive speed, as the most important parameters governing the solute concentration in the liquid phase and solute partitioning. The analysis of the model predicts complete solute trapping and the transition to a purely thermally controlled solidification, which occur abruptly when the interface velocity V equals the bulk liquid diffusion speed VDb. The abrupt change in the solidification mechanism is described by the velocity dependent effective diffusion coefficient D* = D ( l -V2/V&) and the generalized partition coefficient K*. If V > VDb, then D* = 0 and K* = 1. This implies an uudisturbed diffusion field in the liquid (diffusionless solidification) and complete solute trapping at V > VDb. The interface diffusion speed v~i governs solute redistribution at a relatively low interface velocity v -v~i < VDb. The influence of the local non-equilibrium solute transport on the temperature field and interface stability under rapid solidification conditions is also discussed.
Introduction
Rapid solidification processing is a field of condensed matter physics and materials science that has developed rapidly over the last few years. It has proved to be of considerable interest for both applied and fundamental research for a variety of reasons discussed extensively in the literature [l to 191. Rapid solidification processing extends traditional studies of melting-solidification kinetics and thermodynamics to extreme velocities. At very rapid solidification velocities that are achieved by high undercooling of the melt or during recrystallization after laser annealing, solidification takes place under conditions that are far from local equilibrium. The most obvious manifestations of the deviations from local equilibrium are solute trapping and interfacial undercooling below the equilibrium temperature. The deviations from local equilibrium affect not only the partitioning of species across the interface but also the diffusion-temperature fields around the interface and the kinetics of crystal growth, which, in turn, influence the solidification mechanism [9, lo] .
The classical theoretical treatments of rapid solidification [l, 2, 4, 71 take into account only the deviation from chemical equilibrium at the interface introducing the velocity dependent partition coefficient. However, all aspects of the models assume the local equilibrium in the liquid phase and rely on the classical Fick law for the mass flux, which describes the spatial variation of the concentration field ahead of the interface as a continuous, smooth function. Such a modeling is valid only for relatively low interface velocities V << VDb, where VDb is the diffusion speed, i.e. the speed of propagation of diffusive disturbances [9, 10, 20 to 231. However, solidification of undercooled melts and solidification of the melted region during laser annealing can be so fast that the interface velocity V is of the order of or even greater than the diffusion speed [l to 91. In such a case, i.e. when V M VDb, the diffusion field in the liquid is far from local equilibrium and the solute concentration and the solute flux differ significantly from those predicted by the classical local-equilibrium theory [9, 10, 201 . Our purpose is to provide: 1. a theoretical framework within which a hierarchy of deviations from equilibrium can be described; 2. a conceptual foundation, and a mathematical model based on it, for the study of local non-equilibrium solute transport associated with rapid solidification conditions; 3. analysis of the partitioning of species across the interface under local non-equilibrium conditions; 4. analysis of the influence of local non-equilibrium on the temperature field around the solid-liquid interface.
Hierarchy of Deviations from Equilibrium
In many situations, primarily those involving extremely short times or high propagation velocities, the mode of heat and/or mass transport is not diffusive (parabolic), but propagative (hyperbolic) [9, 10, 20 to 231. The general theory of a fast-moving phase boundary [20] shows that the local non-equilibrium effects begin to play the most important role when the interface velocity V is of the order of the speed of signal (disturbance) propagation, i.e. the diffusive speed V D~ for mass (solute) transport or the speed of a heat wave V , for heat transport. If the interface velocity V is much less than the speeds of signal propagation, the corresponding fields (i.e. the solute concentration field for v << VDb or the temperature field for V << VT) are in local equilibrium and can be described by the classical transport equation of parabolic type. If V is of the order of VDb, the diffusion field is far from local-equilibrium. If V M VT, the temperature field is far from local equilibrium. In such a situation the classical transport equation of parabolic type is no longer valid and local non-equilibrium effects should be taken into account [9, 10, 20 to 23) .
The diffusion speed VDb is of the order of 10 m/s and the speed of the heat wave V, is of the order of lo3 m/s [l to 61, i.e. V D~ << VT. This implies that, as the interface velocity increases, first the diffusional local equilibrium breaks down at V M VDb and after that the thermal local equilibrium breaks down at V M VT. This allows us to introduce a hierarchy of deviations from equilibrium which is followed with increasing solidification velocity : 1. V = 0, full equilibrium No chemical potential gradient (compositions of phases are uniform), no temperature gradients [7] .
2. v << VDb, local equilibrium There are concentration and temperature gradients near the interface, i.e. there is no full equilibrium, but there is local equilibrium both in the bulk liquid and at the interface. The partition coefficient is equal to its equilibrium value KE. Certain hierarchies also exist within the case 2 [7] . 3. v < VDb, diffusional local equilibrium There is no local equilibrium at the interface and the partition coefficient depends on the interface velocity V [l, 2, 41. The solute concentration field is still in local equilibrium.
In the cases 2 and 3 the solute concentration and temperature fields are governed by the classical (local equilibrium) transport equation of parabolic type. 
V

Local Non-Equilibrium Diffusion Field
According to extended irreversible thermodynamics (EIT) [21 to 231, the simplest generalization of the classical Fick law for mass transport, which includes the relaxation to local equilibrium of the diffusion field, is given as
where J is the solute flux, C the solute concentration, D the diffusion coefficient, and z the relaxation time of J . In contrast to the Fick law, which leads to the diffusion equation of parabolic type, the evolutional equation (1) gives rise to the hyperbolic equation for the solute concentration, The hyperbolic equation (2) predicts the finite speed of the diffusive wave, i.e. maximum speed with which the diffusional perturbations can propagate in the liquid 19, 10, 20 to 231,
It should be noted that V D~, limits only the speed of perturbations, but the interface velocity V can be greater than V D~. To derive the interface condition, we integrate the balance over an infinitesimal zone that includes the interface between liquid and solid phases [9, lo] . The interface condition is
where C, is the solute concentration in the solid at the interface, the dot implies differentiation with respect to time. Note that condition (4) includes not only the interface velocity, but also the interface acceleration. Now let us consider the solute concentration field ahead of the interface moving with constant average velocity V = const. Following the usual steady-state approach, we view the solidification from a reference frame attached to a planar liquid-solid interface.
In such a case, a one-dimensional version of equations (2) and (4) takes the form
Equations (5) and (6) result in the solute concentration distribution in the liquid X > 0 (origin of the reference frame is fixed on the interface X = 0),
where Co and Ci are the solute concentration in the liquid far from ( X + co) and at the interface ( X = 0), respectively. The solute concentration distribution (7) clearly demonstrates that the diffusion speed VDb plays the most decisive role in rapid solidification.
When V < VDb, the diffusion process affects the solute concentration field in the liquid and the solidification is essentially controlled by the solute flux. It is noted that as the interface velocity approaches zero, the relaxational model approaches the classical formulation. However, as the velocity increases, the solute boundary layer shrinks more rapidly than expected from the classical mass transport theory, and its thickness d defined as (see ( 7 ) ) approaches zero at V = VDb. The correct definition of characteristic lengths plays an important role in the analysis of the solidification microstructures [2]. When V > VDb, the solution (8) implies that the solute concentration field ahead of the interface is undisturbed. The result has a clear physical meaning: a source of perturbations (i.e. the interface) moving at a velocity greater than the maximum speed of perturbations cannot disturb the medium ahead of itself [9, 10, 201 . In this case, the solute atoms do not have enough velocity to escape the solid-liquid interface. Thus, there is no diffusion of solute in the liquid at V > VDb and, consequently, solidification cannot be controlled by diffusion. Hence, the solidification mechanism changes qualitatively when the interface velocity v passes through the critical point v = VDb. At this point, a sharp transition from diffusion controlled to purely thermally controlled growth occurs. The behavior of the solute concentrat,ion field ( 7 ) and (8) This assumption is a zeroth-order approximation and it was considered in [9, lo] . In a general case these two velocities can be different and the partitioning of the solute depends on both VDb and VD~. The interface region can be treated as a two-phase zone consisting of both solid and liquid phases. It implies that the interface diffusion coefficient Di attains a value between D, the bulk liquid diffusion coefficient, and D, M 0, the bulk solid diffusion coefficient. For example, a non-equilibrium molecular dynamics simulation [15] indicated that the interface diffusion coefficient can be as much as five to ten times less than in the bulk liquid. This holds true for the interface diffusion speed, too, i.e. VDb > v~i > VD, M 0, where VD, is the diffusive speed in the solid. The interface diffusive speed governs the partitioning at a relatively low interface velocity V M VDi < VDb, when the diffusion through the solid/liquid interface is a limiting stage of solute redistribution. At high interface velocity v M VDb, the limiting stage of solute redistribution is the solute diffusion in the bulk liquid with VDb being the characteristic parameter.
Thus, introduction of D* (9) into the expression for K(V), (10) leads to the generalized partition coefficient K*, Expression (11) clearly demonstrates that the transition to complete solute trapping K * = 1 occurs at a finite interface velocity V = VDh, while the CGM predicts the complete solute trapping only at V -+ co. The partition coefficient K = 1 at V = 26 m/s has been observed in a laser annealing experiment [18] . A molecular dynamics study by Cook and Clancy [15] for a Lennard-Jones system has shown complete solute trapping for unstrained growth on (100) when the interface velocity attained its steady-state regrowth value of 4m/s. The CGM fails to predict the complete solute trapping observed in the simulation [15] . In this case v 2 VDh and, according to (ll) , our model predicts K = 1, which is in agreement with the molecular dynamics study.
The velocity dependence of the partition coefficient was measured for rapid solidification of polycrystalline Si-As alloys induced by pulsed laser melting [16] . The experimental results are compared with predictions of the Aziz model (10) and our local non-equilibrium model (11) in Fig. 1 . The CGM fits the data well only at a relatively low interface velocity with the diffusion speed of 0.46 m/s [16] . Our model fits the experimental results better with VD~ = 0.75 m/s and V D~ = 2.7 m/s (see Fig. 1 ).
The K versus V experimental data obtained by pulsed laser melting of Ge-Si alloys [19] are shown in Fig. 2 together with the predictions of both CGM and (11). At rela- Fig. 2 shows that the local non-equilibrium model (11) describes the data very well both at low and high interface velocities. Note that for Si-As alloys the interface diffusion speed V D~ is approximately one fourth and for Ge-Si alloys is half as high as the bulk diffusion speed VDb. This finding is consistent with our remark that the value for V D~ ranges between V D~ and VD, M 0. For Ge-Si alloys Yu and Clancy [17] calculated the diffusion speed as 5 m/s by dividing the diffusion coefficient by the atomic layer spacing. This value is very close to the fitted value for the bulk diffusion speed VDb = 4.9 m/s obtained in our local non-equilibrium model (see Fig. 2 ).
Interface Temperature
We now consider the influence of the local non-equilibrium solute diffusion on the interface temperature between liquid and solid phases. This will be done by including the velocity dependent diffusion coefficient (9) and the generalized partition coefficient (1 1) obtained in the previous section into the theory of dendritic growth for a planar interface (see [l, 21 and references therein). The planar front temperature under steady state growth can be written as [2] where Ti is the interface temperature, T, the equilibrium solidus temperature of the alloy, p the interface kinetic coefficient, m(V) the effective liquidus slope. The physical interpretation of m(V) is that it represents the slope of the line in the phase diagram that connects the melting point of the pure solvent with the non-equilibrium interface composition in the liquid at a given interface temperature in the absence of kinetic effects of interface attachment [a] . The effective liquidus slope m ( V ) is given by [I, 21 1-
Under local equilibrium conditions, the planar interface temperature is T, but as the local non-equilibrium effects become important, the planar interface temperature increases because of the increase in the effective solidus temperature, and their increase is represented by the second term in equation (12). If V + V D~, then K ( V ) + 1 and the effective solidus temperature reaches its maximum value When V > VDb, the effective solidus temperature T: (14) does not depend on the interface velocity V and is equal to its maximum value T:,,, = To. Thus, the effective solidus temperature T: changes from the equilibrium solidus temperature T, at V = 0 to its maximum value TZInm = To at V = V D~. The results of an investigation of the solidification behavior of undercooled bulk Ag-Cu alloys were presented by Walder and Ryder [ 5 ] . It was shown that when the interface undercooling exceeded the temperature TO for all Ag-Cu alloys investigated, an abrupt increase of the growth rate was observed. At the critical undercooling the experimental values of Ag-Cu alloys approached those of pure Cu. This behavior was explained on the basis of a transition from diffusion controlled growth to purely thermally controlled growth of the supersaturated solid solution phase. In a recent paper Walder observed the same critical behavior of the V(AT) curve in Ti-Ni alloys [6] . To describe this behavior, a simple empirical expression was proposed, which ensured that the liquidus and solidus approached the line for infinite growth rates [5] . If the expression is modified by the effective diffusion coefficient (9), the liquidus and solidus lines coincide for V 2 V D~ 6 . Thus, this simple empirical tcrm is similar to the additional undercooling ATne = T , -T, obtained here on the basis of dendrite growth theory taking into account the velocity dependent slope of the phase diagram and the local non-equilibrium solute diffusion (see (12) to (14)). If v > VDb, then (12) to (14) ) imply that the planar front temperature Ti decreases linearly with V due to the interface attachment kinetics,
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Thus, the variation of the steady-state planar interface temperature shows a maximum at V z V&,.
It is known that mass transport can lead to an instability of the solid-liquid interface [l, 2, 12, 131. Solute rejected by the interface creates a concentration gradient in the liquid layer next to the interface. The concentration gradient causes the liquid ahead of the interface to be undercooled. According to the interface stability theory (see [l, 2, 12, 131 and references therein), the destabilizing effect of the concentration gradient is compensated by the stabilizing effect due to the interface energy (Gibbs-Thomson effect). According to this theory a planar interface is stable for an alloy if the interface velocity V exceeds the absolute stability limit V,. Preliminary results [13, 141 indicate that thc classical absolute stability limit obtained by Mullins and Sekerka [12] for the local equilibrium conditions holds with velocity dependent K ( V ) and m(V). It allows us to assume (as a zeroth-order approximation) that the local non-equilibrium stability limit can be obtained from the classical one [la] by replacing the local equilibrium K E , m, and D by velocity dependent, local non-equilibrium quantities K*(V), m ( V ) , and D*(V). Thus, for high velocities, the absolute stability limit with allowance for the local non-equilibrium effects takes the form where T,, is the melting point of the pure solvent and r the Gibbs-Thomson coefficient.
The value for V, is very sensitive to local non-equilibrium effects due to the strong dependence of K*, m, and especially D* on the interface velocity. When V ---f V D~, the solute diffusion decreases due to D* + 0 (see (9) ). If V > V D~, there is no solute gradient ahead of the interface and, therefore, there is no destabilizing effect. It implies that the planar interface is stable at V > Vjb and the limit of absolute stability V, is smaller It implies that the absolute stability limit, with allowance for the local non-equilibrium effects, V, is smaller than Thus, the local non-equilibrium effects stabilize the interface and reduce the value of V, due to the decreasing solute diffusion.
Conclusion
In the previous sections we have presented and analyzed a local non-equilibrium model of solute transport under rapid solidification conditions. In particular the solution to this model in the steady-state regimes V = const has been considered. The most important difference between the present model and its predecessors is the incorporation of three characteristic velocity scales, i.e. the interface diffusion speed V D~, the bulk liquid diffusion speed V D~, and the speed of the heat wave VT, into the heat-mass transport prob-lem. These velocity scales define different degrees of deviation from equilibrium during solidification and constitute a hierarchy which is followed with increasing interface velocity: 1. full equilibrium, 2. local equilibrium, 3. local interface non-equilibrium, 4. diffusional local non-equilibrium, 5 . thermal local non-equilibrium. Different degrees of nonequilibrium imply different solidification regimes, which should be described by heatmass transport equations of parabolic or hyperbolic type.
Our results clearly demonstrate that the solidification mechanism changes qualitatively when the interface velocity V passes through the critical point V = V D~. At this point a sharp transition from mostly diffusion controlled to purely thermally controlled regimes occurs. When V < V D~, solidification is governed by both redistribution of heat and solute, whereas at I/ > VDb solidification is purely thermally controlled with no solute diffusion (D*(V) = 0) and complete solute trapping (K*(V) = 1). The solute partitioning is governed by two kinetic rate parameters: the interface diffusion speed VD~ and the bulk liquid diffusion speed VDb. The bulk liquid diffusive speed V D~ is the speed of propagation of diffusive disturbances in the bulk liquid, i.e. the speed at which the solute atoms can diffuse in the bulk liquid. The speed is equal to the ratio between the bulk liquid diffusion coefficient and the jump distance in the liquid. The interface diffusion speed VD~ can be treated as an average velocity at which solute atoms diffuse through the interface. At a relatively low interface velocity V M VD~ < V D~, the limiting stage for solute redistribution is the solute diffusion through the interface and the solute partitioning is governed by VD~. As the interface velocity increases, the diffusion coefficient D* (9) tends to zero and the solute diffusion near the interface becomes a limiting stage for solute partitioning. In this case, the solute redistribution at the interface is governed by the bulk liquid diffusion speed VD~. The local non-equilibrium results for the partition coefficient reproduces the experimental determination with good accuracy.
The local non-equilibrium effects play a stabilizing role (especially at high interface velocities) and decrease the value of the velocity of absolute stability V,, which is always less than V D~.
Finally, there are still many other aspects of the problem where the local non-equilibrium effects should be taken into account. As future directions for the theoretical research the following subjects seem promising to the author: (i) interface kinetics; (ii) interface stability; (iii) shape preserving condition for the dendrite tip; (iv) selection criterion for dendrites.
